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SUMMARY 
A s  par t  of t h e  NASA F l i g h t  E f f e c t s  on Fan N o i s e  Program, a Grumman OV-1B Mohawk 
a i rc raf t  w a s  modified t o  c a r r y  a modif ied and ins t rumented  P r a t t  & Whitney JT15D-1 
tu rbofan  engine.  An ins t rumented  r e s e a r c h  f l i g h t  i n l e t ,  a fan-blade-mounted t r a n s -  
duce r  i n s t rumen ta t ion  system, in s t rumen ta t ion  f o r  measuring a i r c r a f t  s ta te ,  and a n  
onboard s i g n a l  cond i t ion ing  and r eco rd ing  system w e r e  developed and u t i l i z e d  t o  col-  
l e c t  tes t -engine  performance d a t a  and i n l e t  source  n o i s e  f l i g h t  da ta .  These onboard 
d a t a ,  t o g e t h e r  wi th  s imul taneous ly  measured f a r - f i e l d  a c o u s t i c  d a t a ,  comprise a 
f l i g h t  d a t a  base t o  which JT15D-1 s t a t i c  and wind-tunnel d a t a  can be compared. The 
overa l l  o b j e c t i v e  i s  t o  improve t h e  a b i l i t y  t o  use ground-based f a c i l i t i e s  f o r  t h e  
p r e d i c t i o n  of f l i g h t  i n l e t  r a d i a t e d  noise.  'Ihis report d e s c r i b e s  t h e  hardware and 
p r e s e n t s  performance r e s u l t s  f o r  t h e  r e sea rch  engine.  
INTRODUCTION 
A t  t h e  t i m e  of  concept ion  of  t h e  NASA F l i g h t  E f f e c t s  on Fan N o i s e  Program dur ing  
t h e  mid-I970's, i t  had become widely accepted  throughout  i n d u s t r y  t h a t  t h e r e  w e r e  
s i g n i f i c a n t  shortcomings i n  t h e  a b i l i t y  t o  p r e d i c t  i n l e t - g e n e r a t e d  a i r c r a f t  f lyover  
n o i s e  levels f o r  t u rbo fan  eng ines  on t h e  basis of ground s t a t i c  engine tests 
( r e f .  1 ) .  Previous a t t empt s  t o  reduce engine  n o i s e  w e r e  s u c c e s s f u l  because they  d i d  
n o t  r e q u i r e  p r e c i s e  d e f i n i t i o n  and unders tanding  of how t h e  n o i s e  source  propagated 
from t h e  engine.  
The most p reva len t  no ise-predic t ion  theory  dur ing  t h e  mid-1970's was t h a t  of 
Tyler  and Sof r in  ( r e f .  2 ) ,  which p red ic t ed  a reduct ion  i n  in l e t -gene ra t ed  noise  by 
j u d i c i o u s  choices  of t he  number and spac ing  between t h e  r o t o r  b lades  and s ta tor  
vanes. However, it was also g e n e r a l l y  acknowledged t h a t  t h e  p red ic t ed  noise  reduc- 
t i o n s  w e r e  seldom achieved dur ing  ground s t a t i c  t e s t i n g  and t h a t  t he  tendency was f o r  
t h e  ground tes t  t o  ove rp red ic t  t he  lower noise  l e v e l s  t h a t  would be measured du r ing  
f l i g h t .  During t h i s  per iod ,  it w a s  thought t h a t  masking e f f e c t s  r e s u l t i n g  from 
i n g e s t i o n  of ground and t e s t  s t r u c t u r e  generated v o r t i c e s  and from inges t ion  of near- 
ground atmospheric  tu rbulence  ( d i f f e r e n t  from t h a t  encountered dur ing  f l i g h t )  w e r e  
t he  cause of t he  h igher  noise  l e v e l s  measured i n  the  ground s ta t ic - tes t  f a c i l i t i e s  
( r e f s .  3 and 4 ) .  A l s o  a t  about  t h i s  same t i m e ,  tests w e r e  performed which i n d i c a t e d  
t h a t  both inlet-geometry ( r e f .  5 )  and forward-veloci ty  e f f e c t s  from the  a i r c r a f t  
motion could s i g n i f i c a n t l y  a f f e c t  t h e  noise  source ,  r a d i a t i o n ,  and propagat ion.  
More s t r i n g e n t  no ise  c e r t i f i c a t i o n  requirements  forced  t h e  development of f ind -  
i n g  t h e  l o w e s t  cos t -bene f i t  mode of t e s t i n g  to  achieve t h e  r equ i r ed  no i se  reduct ion .  
With many p o s s i b l e  t r ade -o f f s  f o r  meeting s p e c i f i e d  i n - f l i g h t  no i se  goals, each 
noise- reduct ion  technique would have to  be eva lua ted  a g a i n s t  the p o t e n t i a l  p e n a l t i e s  
i n  weight ,  performance, and cost t h a t  it would impose on t h e  a i r c r a f t  and/or engine 
ope ra t ion .  To achieve an accu ra t e  prediction methodology, t h e  proper i d e n t i f i c a t i o n  
of ground no i se  source levels,  spectra, and d i r e c t i v i t y  w a s  necessary.  Add i t iona l ly ,  
ad jus tments  had to  be made t o  s t a t i c  d a t a  to  account  f o r  any atmospheric-propagation 
e f f e c t s  and forward-veloci ty  e f f e c t s .  Another obvious requirement  w a s  t he  n e c e s s i t y  
t o  ob ta in  an accu ra t e  f l y o v e r  no i se  d a t a  base to  v a l i d a t e  the ground test  data and 
adjustment  procedures.  
The NASA r e sea rch  program w a s  i n i t i a t e d  t o  provide  t h e  understanding and f l i g h t  
It w a s  designed t o  system- 
d a t a  base t h a t  would improve t h e  a b i l i t y  t o  p r e d i c t  m o r e  a c c u r a t e l y  t h e  i n l e t -  
genera ted  f lyove r  n o i s e  by us ing  ground t e s t  fac i l i t i es .  
a t i c a l l y  i d e n t i f y  and c o r r e l a t e  ground s ta t ic ,  wind-tunnel, and f lyover  measured 
n o i s e  (see f i g .  1 ) .  The program w a s  i n s t i t u t e d  by NASA between the Langley (LaRC) ,  
L e w i s  (LeRC) ,  and Ames (ARC) Research Centers.  LeRC assumed t h e  r e s p o n s i b i l i t y  f o r  
conduct ing outdoor s t a t i c  engine  tests and f a n  tests i n  an  anechoic  chamber. The 
wind-tunnel tests w e r e  run  i n  t h e  Ames 40- by 80-Foot Wind Tunnel, which had been 
shown t o  y i e l d  good noise-measurement d a t a  f o r  f a n  noise .  
n o i s e  by us ing  a tes t -bed  a i r c r a f t  t o  c a r r y  a t e s t  turbofan  engine.  
t h e  success  of t h e  program w a s  t o  a s s u r e  engine  and hardware commonality among 
Centers  and precise commonality of engine ope ra t ing  p o i n t s  throughout  t h e  mat r ix  o f  
t e s t  environments. 
LaRC measured t h e  f l i g h t  
A key element  t o  
This  paper addres ses  t h e  commonality of program hardware, t h e  LaRC f l i g h t  tests,  
t h e  tes t  engine,  and r e sea rch  i n l e t  performance, and makes performance comparisons 
w i t h  d a t a  from t h e  ground s t a t i c  tests and t h e  wind-tunnel tests. Some program 
r e s u l t s  on f a r - f i e l d  a c o u s t i c s ,  fan-blade f l u c t u a t i n g  p r e s s u r e s ,  and s t a to r -vane  
f l u c t u a t i n g  pressures are contained i n  r e fe rences  6 t o  8. 
P a r t i c i p a t i o n  by i n d u s t r y  and u n i v e r s i t i e s  i n  t h e  program w a s  ex tens ive .  Ihe 
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SYMBOLS AND ABBREVIATIONS 
blade-passage frequency, Hz 
speed of  sound, f t / s e c  
duc t  d iameter ,  i n .  
f a n  p re s su re  r a t i o  
frequency modulation 
a c c e l e r a t i o n  due t o  g r a v i t y ,  32.2 f t /sec 
i n l e t  c o n t r o l  device  
In t e r-Ra nge -Ins  t rume n ta  t i on G r  oup 
mean i n l e t  Mach number 
Mach number of a i r c r a f t  
Mach number a t  fan-blade t i p  
re la t ive  Mach number a t  fan-blade t i p  
f a n  speed, r p m  
compressor speed, r p m  
2 
2 
PCM pulse-code modulation 
s t anda rd  atmospheric  p r e s s u r e  a t  s e a  l e v e l ,  p s i  PO 
s t a t i c  p re s su re ,  p s i  PS 
t o t a l  p r e s s u r e ,  p s i  P t  
R s p e c i f i c  gas  c o n s t a n t  
R F  r a d i o  frequency 
T temperature ,  OF 
s t anda rd  atmospheric  temperature  a t  s e a  l e v e l ,  OF 
t o t a l  temperature ,  OF 
TO 
T t  
a i r c r a f t  forward speed, knots  
vm 
WB wideband 
W i n l e t  weight flow, lb/sec 
X I  Y coord ina te s  used t o  d e f i n e  i n l e t  geometry ( f i g .  7 )  
a a i r c r a f t  ang le  of a t t a c k ,  deg 
a r e l a t i v e  inc idence  a n g l e  a t  fan-blade t i p ,  deg 
Y r a t i o  of s p e c i f i c  h e a t s  
t, r e 1  
6 p r e s s u r e  r a t i o ,  pt/po 
e temperature  r a t i o ,  Tt/To 
9 emission ang le  a t  which f a r - f i e l d  r a d i a t i o n  p a t t e r n  i s  measured 
em (wi th  r e s p e c t  t o  engine forward c e n t e r l i n e  a x i s ) ,  deg 
3 P d e n s i t y  of a i r ,  l b / f t  
Subs c r  i p t s :  
bP bypass 
c o r r  c o r r e c t e d  
f i n l e t  a t  f a n  f a c e  
i i n l e t  a t  s t a t i o n  30.000 
A b a r  over  a symbol i n d i c a t e s  average va lue .  
3 
TEST VEHICLE AND ENGINE 
Research F l i g h t  Technique 
A s  mentioned i n  t h e  preceding s e c t i o n ,  NASA LaRC ob ta ined  an  a c c u r a t e  f lyove r -  
n o i s e  d a t a  base wi th  which t h e  ground s t a t i c  and wind-tunnel t es t  d a t a  could be com- 
pared. This r e q u i r e d  t h e  development of a h igh ly  s o p h i s t i c a t e d  s t a t e -o f  - the -a r t ,  
f a r - f i e l d ,  a c o u s t i c  measurement technique and t h e  development of a f l y i n g  t e s t -bed  
a i r c r a f t  t o  accommodate t h e  measurement technique and t o  s a f e l y  achieve t h e  program 
goals .  A b r i e f  d e s c r i p t i o n  of t h e  r e s e a r c h  f l i g h t  o p e r a t i o n  i s  given. More d e t a i l e d  
d e s c r i p t i o n s  are i n  r e f e r e n c e  10, which d e s c r i b e s  a p re l imina ry  tes t  run f o r  "proof 
of concept" f o r  t h e  f l i g h t  o p e r a t i o n s ,  and i n  r e f e r e n c e  6, where a t e s t  wi th  t h e  
JT15D-1 engine i s  descr ibed.  f i g u r e  2 i s  a schematic  of t h e  technique. 
Tne f l i g h t  measurement technique w a s  based on s t a t e - o f - t h e - a r t  measurement t ech -  
nology which could y i e l d  narrow-band f a r - f i e l d  spectra. The technique r e q u i r e d  a n  
a c c u r a t e  determinat ion of sound p r e s s u r e  l e v e l  w i th  a h igh  r e s o l u t i o n  of t h e  source 
loca t ion .  Measurements of a i r c r a f t  performance, t e s t - eng ine  performance, and source  
n o i s e  measurements w e r e  s imultaneously recorded aboard t h e  a i r c r a f t .  A l l  t h e  
recorded d a t a  w e r e  c o r r e l a t e d  u s i n g  Inter-Range-Instrumentation Group ( I R I G )  A t i m e  
code. 
The f a r - f i e l d ,  a c o u s t i c  measurement technique used a l i n e a r  a r r a y  of 10 micro- 
phones mounted a t o p  30-f t  po le s .  These microphones w e r e  l o c a t e d  on t h e  runway, p a r -  
a l l e l  t o  t h e  c e n t e r l i n e ,  t o  f a c i l i t a t e  p i l o t  ease of f l y i n g  t h e  a i r c r a f t  over  t h e  
a r r a y .  Tne s i g n a l s  from t h e  microphones w e r e  ensemble-averaged t o  y i e l d  t h e  d e s i r e d  
p r e c i s i o n  n o i s e  data .  Details of t h e  da t a - r educ t ion  computer program can be found i n  
r e fe rence  11 .  The requirement f o r  p r e c i s i o n  mandates t h a t  t h e  a i r c r a f t  l o c a t i o n  be 
known very a c c u r a t e l y  while  it t r a v e r s e s  t h e  microphone a r r a y .  P r e c i s i o n  a i r c r a f t  
l o c a t i o n  w a s  provided by t h e  AN/FPS 16 (VI laser r a d a r  system a t  Wallops F l i g h t  
Center  (see r e f .  1 2  f o r  d e t a i l s ) .  This system can determine t h e  p o s i t i o n  of t h e  
a i r c r a f t  t o  -12 f t  and, i n  con junc t ion  wi th  a minicomputer, can d i s p l a y  t h e  informa- 
t i o n  i n  real  t i m e  f o r  u se  by t h e  t e s t  d i r e c t o r  i n  t h e  c o n t r o l  tower (i.e.,  a i r c r a f t  
l o c a t i o n  with r e s p e c t  t o  t h e  f i r s t  p o l e  microphone, a i r c r a f t  s i d e l i n e  d e v i a t i o n ,  and 
a i r c r a f t  a l t i t u d e ) .  Accurate f a r - f i e l d  a c o u s t i c  measurements taken under varying 
temperature and r e l a t ive -humid i ty  c o n d i t i o n s  r e q u i r e  d a t a  c o r r e c t i o n s  f o r  propagat ion 
d i s t a n c e s  and weather cond i t ions .  Hence, d e t a i l e d  weather information w a s  ga the red  
by t h e  use of a weather i n s t rumen t  package suspended beneath a t e t h e r e d  ba l loon  p o s i -  
t i o n e d  a t  t h e  a i r c r a f t  o p e r a t i n g  a l t i t u d e .  Weather d a t a  w e r e  recorded du r ing  each 
f lyover.  Between f lyover  measurements , ground-to-aircraf t a l t i t u d e  weather p r o f i l e s  
w e r e  recorded t o  preclude a i r c r a f t  f l yove r s  when weather anomalies ex i s t ed .  
The evolved-operat ions technique r e q u i r e d  t h e  p i l o t  t o  f l y  t h e  a i r c r a f t  i n  a 
r a c e t r a c k  p a t t e r n ,  t r a v e r s i n g  t h e  microphones a t  a v e l o c i t y  of about  130 kno t s  a t  an  
a l t i t u d e  of 300 f t .  A p a r t i c u l a r  f l i g h t  tes t  would c o n s i s t  of a series of a i r c r a f t  
t es t  runs over t h e  microphone a r r a y .  ?he P ra t t  & Whitney JT15D-1 turbofan test- 
engine ( t h e  research-noise-source)  f a n  speed w a s  h e l d  c o n s t a n t  during each p a r t i c u l a r  
run i n  a series, and w a s  t hen  changed f o r  success ive  runs  i n  a series. 
Engine and A i r c r a f t  S e l e c t i o n  
The JT15D-1 turbofan engine w a s  s e l e c t e d  as t h e  t es t  i n l e t  no i se  source.  Its 
s m a l l  s i z e  made i t  a t t r a c t i v e  f o r  s t a t i c ,  wind-tunnel, and f l i g h t  t es t  r e sea rch ;  NASA 
a l s o  had s e v e r a l  of t h e s e  eng ines  r e a d i l y  a v a i l a b l e .  Furthermore, some t e s t i n g  on 
measuring t h e  s ta t ic ,  wind-tunnel, and f l i g h t  n o i s e  c h a r a c t e r i s t i c s  of a JT15D-1 
engine had a l r eady  been accomplished ( r e f s .  13  t o  15).  q u a l l y  important,  t h e  con- 
s t r u c t i o n  of t h e  JT15D-1 engine w a s  s i m i l a r  t o  t h a t  of c u r r e n t  l a r g e r  t u rbo fan  
engines ,  such as a P r a t t  & Whitney JTgD, f o r  which s t a t i c - t o - f l i g h t  n o i s e  comparisons 
have been made (ref. 1 6) .  
Once t h e  JT15D-1 tu rbofan  engine w a s  s e l e c t e d ,  t h e  a i r c r a f t  s e l e c t i o n  became a 
t a s k  of i d e n t i f y i n g  a t es t  v e h i c l e  capable  of c a r r y i n g  t h e  t es t  engine with minimum 
i n t e r f e r e n c e ,  t h a t  is, t o  p rov ide  t h e  JT15D-1 engine w i t h  as c l e a n  a n  inf low as pos- 
s i b l e  and with as few r e f l e c t i o n s  as p o s s i b l e  from o t h e r  p a r t s  of t h e  a i r c r a f t .  A n  
obvious choice w a s  t o  u s e  t h e  JT15D-1 powered Cessna C i t a t i o n  a i r c r a f t ,  b u t  i t s  rear- 
fuse l agemoun ted  engines  i n g e s t  fu se l age -  and wing-induced v o r t i c e s  and t h e  a i r c r a f t  
wings a c o u s t i c a l l y  s h i e l d  t h e  engine i n l e t s  from forward view dur ing  approach and 
f l y o v e r  ( r e f .  15) .  
A survey of a v a i l a b l e  a i r c r a f t  r e s u l t e d  i n  t h e  s e l e c t i o n  of t h e  Grumman OV-1B 
Mohawk. This two-place, twin turboprop i s  a n  e l e c t r o n i c  s u r v e i l l a n c e  a i r c r a f t .  (See 
t a b l e  1 f o r  s p e c i f i c a t i o n s . )  It i s  extremely rugged, i s  designed t o  f l y  a t  slow 
speeds (80 t o  250 k n o t s )  and t o  o p e r a t e  a t  low a l t i t u d e s  ( < l o 0  f t ) ,  and has  e x c e l l e n t  
low-speed f l i g h t  c h a r a c t e r i s t i c s .  It normally c a r r i e s  a p i l o t  and a n  observer /  
survei l lance-equipment  ope ra to r .  
Noise measurements of an  OV-1B Mohawk turboprop engine (Lycoming T53-L-7) w e r e  
compared wi th  s t a t i c  n o i s e  d a t a  from t h e  JT15D-1 engine.  The background n o i s e  from 
t h e  OV-1B tes t -bed a i r c r a f t  w a s  found t o  be s u f f i c i e n t l y  low, p a r t i c u l a r l y  i n  t h e  
range of f r equenc ie s  where t h e  f a n  blade-passage frequency tones  would be p r e s e n t .  
Figure 3, which i s  a c t u a l  f l y o v e r  d a t a  taken du r ing  t h e  f l i g h t  r e sea rch  tests, shows 
a t y p i c a l  s igna l - to -no i se  r a t i o  comparison f o r  a JT15D-1 engine approach power set- 
t i n g  of 10 800 rpm. The a i r c r a f t  v e l o c i t y  w a s  130 knots ,  t h e  a l t i t u d e  w a s  approxi- 
mately 300 f t ,  and t h e  turboprop p r o p e l l e r  turned a t  abou t  1600 rpm. A t  h i g h e r  
t e s t - eng ine  f a n  speeds,  t h e  JT15D-1 engine completely dominates a t  a l l  f r equenc ie s  i n  
t h e  s p e c t r a .  
The manufacturer of t h e  OV-1B Mohawk performed a “ F e a s i b i l i t y  Study f o r  I n s t a l -  
l a t i o n  and Test of a Pra t t  & Whitney Turbofan Engine (JT15D-l) on a Mohawk A i r c r a f t ”  
( r e f .  17) .  The study included i n v e s t i g a t i o n s  of t h e  JT15D-1 i n s t a l l a t i o n  and i t s  
e f f e c t s  on a i r c r a f t  aerodynamics, l oads  and dynamics, p ropu l s ion  systems, and f l i g h t  
t e s t i n g .  Figure 4 i s  t h e  a i r c r a f t / t e s t - e n g i n e  c o n f i g u r a t i o n  which w a s  determined t o  
be opt imal  with r e s p e c t  t o  both t h e  n o i s e  r e sea rch  mission and s a f e t y  of f l i g h t .  
Appendix A c o n t a i n s  a more d e t a i l e d  d e s c r i p t i o n  of t h e  a i r c r a f t  and engine mod- 
i f i c a t i o n s ,  as w e l l  as a d e t a i l e d  exp lana t ion  of t h e  o p e r a t i o n  and hardware l a y o u t  of 
t h e  JT15D-1 engine. 
I n s t a l l a t i o n  E f f e c t s  and I n l e t  Inflow Tests 
During t h e  cour se  of t h e  f e a s i b i l i t y  s tudy ,  i t  w a s  recognized t h a t  t h e  s e l e c t e d  
a i r c r a f t / t e s t - e n g i n e  i n t e r f a c e  l o c a t i o n  could r e s u l t  i n  a c o n f i g u r a t i o n  which had 
u n d e s i r a b l e  a c o u s t i c  e f f e c t s .  Therefore,  two separate series of f l i g h t  tests w e r e  
performed. The f i r s t  t es t  series c o n s i s t e d  of f l y i n g  a pure-tone a c o u s t i c  sou rce  a t  
t h e  proposed t e s t - e n g i n e  l o c a t i o n .  (See ref. 10.) This series of f l i g h t s  w a s  t o  
determine whether t h e r e  w e r e  any s i g n i f i c a n t  i n s t a l l a t i o n  e f f e c t s  which could a f f e c t  
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t h e  a c o u s t i c  r a d i a t i o n  p a t t e r n  o r  the measured f a r - f i e l d  noise .  The r e s u l t s  i n d i -  
ca t ed  t h a t ,  except  f o r  the very shal low angles  (i.e.,  f o r  propagat ion ang le s  <20° 
measured from the  h o r i z o n ) ,  no s i g n i f i c a n t  r a d i a t i o n  p a t t e r n  d i s t o r t i o n  e x i s t e d .  A 
range of a i r c r a f t  speeds from 100 t o  150 knots  w a s  i n v e s t i g a t e d .  
The second series of tests w e r e  executed t o  determine t h e  e x t e n t  of any inf low 
d i s t u r b a n c e s  caused by t h e  r o t a t i o n  of t h e  turboprop p r o p e l l e r .  Ihe proposed JT15Ib1 
mounting p o s i t i o n  p l aced  t h e  t i p  of t h e  p r o p e l l e r  approximately 19 in.  i n  f r o n t  of 
t h e  JT15D-1 e n g i n e - i n l e t  p l ane  and 25 i n .  from t h e  c e n t e r l i n e .  (See f i g .  4.) Five 
ho t - f i lm  probes ( f i g .  5) w e r e  mounted on t h e  OV-1B a i r c r a f t  i n  place of t h e  wing f u e l  
tank. They w e r e  p o s i t i o n e d  i n  t h e  p l ane  of t h e  proposed i n l e t  plane of t h e  t es t  
engine and w e r e  o r i e n t e d  a l o n g  a l i n e  which passed through t h e  c e n t e r s  of both 
engines.  Probe A w a s  l o c a t e d  f a r t h e s t  from t h e  p r o p e l l e r  a t  a l o c a t i o n  corresponding 
t o  t h e  i n l e t  l i p  f a r t h e s t  from t h e  p r o p e l l e r  t i p ;  probe B w a s  l o c a t e d  a t  t h e  p o s i t i o n  
corresponding t o  t h e  t e s t - e n g i n e  c e n t e r l i n e ;  probe C-D ( c ros s - f i lm  probe)  w a s  l o c a t e d  
a t  t h e  p o i n t  of t h e  i n l e t  l i p  c l o s e s t  t o  t h e  p r o p e l l e r  t i p ;  and probe E w a s  l o c a t e d  
between t h e  i n l e t  and t h e  p r o p e l l e r  t i p .  
Shown below t h e  photographs i n  f i g u r e  5 are  t y p i c a l  r e s u l t s  from one of t h e  
f l i g h t  tests. Ihese r e s u l t s  show comparisons of t h e  t i m e  h i s t o r i e s  of t h e  f l u c t u a t -  
i n g  v e l o c i t y  f i e l d s  as measured by each probe. To t h e  l e f t  are t h e  t i m e  h i s t o r i e s  
measured by t h e  probes while  t h e  number-2 turboprop engine w a s  operated a t  1600 rpm. 
To t h e  r i g h t  are t h e  t i m e  h i s t o r i e s  measured by t h e  probes wi th  t h e  number-2 tu rbo-  
prop engine s h u t  down and wi th  t h e  p r o p e l l e r  f ea the red .  For t h e  l a t t e r  case, a t  a 
forward a i r c r a f t  speed of 130 knots ,  t h e  p r o p e l l e r  does n o t  r o t a t e .  As i s  evidenced 
by t h e  traces with t h e  engine o p e r a t i n g ,  t h e r e  i s  a pronounced d i s tu rbance  caused by 
t h e  passage of t h e  p r o p e l l e r  blades.  The magnitude of t h e  senso r  response dec reases  
with d i s t a n c e  away from t h e  p r o p e l l e r  t i p ,  b u t  i s  c l e a r l y  seen  by senso r  B, which i s  
l o c a t e d  a t  t h e  c e n t e r l i n e  of t h e  JT15D-1 engine. In  c o n t r a s t ,  t h e  hot-f i lm t i m e  
h i s t o r i e s  with t h e  engine s h u t  down show no p e r i o d i c  d i s tu rbance ,  b u t  r a t h e r  a low- 
l e v e l ,  random atmospheric t u rbu lence  as expected. Because of t h e  e x i s t e n c e  of a 
s i g n i f i c a n t  p e r i o d i c  propel ler-wake-related d i s t o r t i o n  a c r o s s  t h e  proposed i n l e t  
plane,  t h e  OV-1B Mohawk w a s  ope ra t ed  wi th  t h e  number-2 turboprop engine s h u t  down and 
t h e  p r o p e l l e r  f e a t h e r e d  du r ing  a l l  r e s e a r c h  f l i g h t  t e s t i n g .  
Aircraft-Engine Buildup, Instrumentat ion,  and Recording System 
Af te r  r e c e i p t  of the modified a i r c r a f t ,  LaRC i n s t a l l e d  a laser cube on t h e  
underside of the a i r c r a f t  nose cap, i n s t a l l e d  t h e  modified r e sea rch  engine,  i n s t a l l e d  
a s igna l - cond i t ion ing  and data-recording system, modified the  rudder c o n t r o l  l i n e s ,  
and i n s t a l l e d  an a i r c r a f t  nose boom and o t h e r  a i r c r a f  t-s ta te  measurement devices .  
The r e s u l t i n g  r e sea rch  f l i g h t  v e h i c l e  i s  shown i n  f i g u r e  6 with the number-2 turbo-  
prop engine s h u t  down, s imula t ing  a r e sea rch  c o n f i g u r a t i o n  f lyove r .  
The f l i g h t  experimental  engine-nacelle assembly is shown schemat i ca l ly  i n  f i g -  
u re  7. This experimental  assembly cons i s t ed  of the JT15D-1 modified engine (see 
appendix A )  with a d d i t i o n a l  i n s t rumen ta t ion  added, a NASA designed and f a b r i c a t e d  
bypass exhaust nozzle with a c o u s t i c  t r ea tmen t ,  and a NASA designed and f a b r i c a t e d  
r e sea rch  f l i g h t  i n l e t .  To i n s u r e  d a t a  c o m p a t i b i l i t y ,  i d e n t i c a l l y  modified JT15D-1 
engines  and i n l e t  hardware designs w e r e  used f o r  t e s t i n g  a t  a l l  t h r e e  NASA Centers 
(LaRC, LeRC, and ARC). Since measurement of t h e  forward-radiated i n l e t  no i se  w a s  t h e  
primary concern, means f o r  reducing the  a f t - r a d i a t e d ,  bypass duc t  noise  w e r e  employed 
a t  a l l  t h r e e  Centers .  However, t e s t  f i x t u r e s  and schedule c o n s t r a i n t s  forced some 
d i f f e r e n c e s  i n  the hardware used by each Center.  Each d i f f e r e n t  a c o u s t i c  t reatment  
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c o n f i g u r a t i o n  for  exhaus t  n o i s e  i s  addressed  i n  t h e  subsequent  sect ions of t h i s  
r e p o r t  and each  of  t h e  tests i s  descr ibed .  
F l i g h t  a c o u s t i c  t reatment . -  To i n s u r e  t h a t  t h e  f a r - f i e l d  i n l e t  n o i s e  measure- 
ments f r o m  t h e  f l i g h t  t es t  w e r e  n o t  contaminated by a f t - r a d i a t e d  f a n  no i se ,  sound- 
absorb ing  t r ea tmen t  w a s  p l aced  a l o n g  t h e  o u t e r  w a l l  of t h e  bypass-duct exhaus t  noz- 
z le .  (See f i g .  7.) Figure 8 (a )  i s  a photograph of t h e  f l i g h t  bypass exhaus t  d u c t  
w i t h  t h e  a c o u s t i c  t r ea tmen t  i n s t a l l e d  i n  t h e  engine,  f i g u r e  8(b)  is  a c ross - sec t ion  
ske tch  of t h e  sound-absorbing w a l l ,  and f i g u r e  8 (c )  i s  a measured f l i g h t  r e s u l t .  The 
a c o u s t i c  t r ea tmen t  c o n s i s t e d  of  n i n e  l a y e r s  of Dupont Kevlar-29 polyamide f i b e r  c o m -  
p re s sed  t o  a d e n s i t y  of approximately 6.2 l b / f t  between a p e r f o r a t e d  aluminum-alloy 
i n n e r  p la te  ( f i g .  8 ( a ) )  and a s o l i d  aluminum-alloy o u t e r  plate. The p e r f o r a t e d  plate  
had a n  open area of about 33 percent and, i n  combination w i t h  t h e  s o l i d  backing,  w a s  
designed t o  a t t e n u a t e  tones  a t  or near  t h e  blade-passage frequency (BPF). The 
Kevlar, a f e l t - l i k e ,  bulk-absorbing, s y n t h e t i c  f iber ,  w a s  i n s t a l l e d  fo r  broadband 
n o i s e  a t t enua t ion .  
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F l i g h t  tests w e r e  conducted bo th  w i t h  and wi thou t  t h e  a c o u s t i c  t reatment .  N o i s e  
r educ t ion  w a s  ach ieved  f o r  a l l  a n g l e s  a f t  of 80° from t h e  engine  f r o n t  c e n t e r l i n e  
ax i s .  A spectral  comparison f o r  a r a d i a t i o n  a n g l e  of  l lOo i s  shown i n  f i g u r e  8 (c ) .  
The a c o u s t i c  t r e a t m e n t  produced a 10-dB n o i s e  r educ t ion  a t  t h e  BPF tone.  I n  addi -  
t i o n ,  a broadband n o i s e  r educ t ion  of about  5-dB w a s  achieved over  most of t h e  f r e -  
quency range. Higher f requency t o n e s ,  f a r  from t h e  des ign  p o i n t ,  w e r e  r e l a t i v e l y  
unaffected.  
Test-engine i n l e t . -  One of t h e  basic  c r i t e r i a  t o  i n s u r e  s u c c e s s f u l  d a t a  compari- 
son r equ i r ed  a commonality of hardware. Because it w a s  i n d i c a t e d  i n  r e f e r e n c e  5 t h a t  
t h e  i n l e t  d u c t  contour  may have cons ide rab le  e f f e c t  on t h e  d i r e c t i v i t y  of forward- 
r a d i a t e d  f a n  no i se ,  i t  w a s  dec ided  t h a t  t h e  same i n l e t  l i p  and i n t e r n a l  contour  l i n e s  
would be used for  each  of t h e  s t a t i c ,  wind-tunnel, and f l i g h t  tests. To accomplish 
t h i s ,  a r e sea rch  i n l e t  w a s  designed by LeRC which would perform as w e l l  f o r  t h e  
s t a t i c  t es t s  as it would f o r  c r u i s e  cond i t ions  i n  t h e  f l i g h t  tests. 
The i n l e t  contour  chosen w a s  based on t h e  r e s u l t s  of  work t h a t  had been done f o r  
t h e  Quiet Clean Short-Haul Experimental  Engine (QCSEE) h igh  Mach number i n l e t s  a t  
LeRC. As shown i n  f i g u r e  7, t h e  i n l e t  h a s  e s s e n t i a l l y  t h e  same i n t e r n a l  contours  as  
t h e  product ion  Cessna C i t a t i o n  i n l e t  from t h e  t h r o a t  (19.900-in-diameter c y l i n d r i c a l  
s e c t i o n )  back t o  t h e  f a n  case. From t h e  t h r o a t  forward t o  t h e  i n l e t  h i g h l i g h t ,  t h e  
i n t e r n a l  l i p  i s  a 2 t o  1 e l l i p se  w i t h  a 1.46 c o n t r a c t i o n  ra t io .  Using t h e  h i g h l i g h t  
of t h e  product ion  Cessna i n l e t  l i p  ( s t a t i o n  number 20.500) as x = 0, t h e  contour  of  
t h e  i n t e r n a l  l i p  from t h e  p o i n t  where i t  j o i n s  t h e  Cessna i n l e t  (x = 1.05; s t a t i o n  
21.55) t o  t h e  l i p  h i g h l i g h t  ( x  = -3.09; s t a t i o n  17.411) i s  w r i t t e n  as 
(%$;p)2 i- ( y - 2.07 12.02 )2  = 1 
or 
1 / 2  
= 12.02 - 2.07 E - (x - 4.14 005,;1 
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fo r  -3.09 < x < 1.05. From t h e  i n l e t  h i g h l i g h t  outward, t h e  l i p  i s  a 2 t o  1 e l l ipse 
w i t h  t h e  cu rva tu re  a t  t h e  h i g h l i g h t  matched and t h e  tangency p o i n t  t h e  same as on t h e  
e s s n a  nace l l e .  !&e contour  of t h e  e x t e r n a l  l i p  from t h e  l i p  h i g h l i g h t  ( x  = -3.09) 
t o  t h e  p o i n t  where t h e  t angen t  of t h e  curve becomes h o r i z o n t a l  ( x  = 24.5) is  w r i t t e n  
as 
(2.45 27.59 - x)3036 + (y - 4.12 1 .02 )2 = 1 
o r  
y = 12.02 + 4.12 1 - i 
f o r  -3.09 < x < 24.5. 
p u t e r  programs a t  LeRC. Two a n a l y t i c a l  computer programs w e r e  used. h e  considered 
t h e  compressible p o t e n t i a l  f low, and t h e  o t h e r  considered t h e  boundary l a y e r .  
fo l lowing  o p e r a t i n g  c o n d i t i o n s  w e r e  considered: t o t a l  eng ine -a i r  weight f lows of 
49 and 75 l b / s e c  f o r  a forward speed of 100 kno t s ,  and f o r  a s t a t i c  c o n d i t i o n  
( 2  t o  3 kno t s ) .  The weight flow of 49 lb/sec w a s  chosen i n  o r d e r  t o  o b t a i n  a fan- 
r o t o r  rpm where t h e  ro to r - a lone  sound f i e l d  i s  c u t  o f f .  
i s  t h e  maximum engine a i r f l o w .  The r e s u l t s  of t h e s e  ana lyses  showed t h a t  t h e  
designed i n l e t  w a s  capable  of unseparated flow s t a t i c a l l y  and w a s  capable  of satis-  
f a c t o r y  f l i g h t  performance. 
The i n l e t  des ign  performance w a s  checked wi th  e x i s t i n g  c o m -  
!&e 
T h e  weight flow of 75 lb/sec 
I n l e t  and engine instrumentat ion.-  Figure 9 i s  a drawing of t h e  f l i g h t  r e s e a r c h  
i n l e t .  
p r e s s u r e  p o r t s  which were used t o  s tudy t h e  n o i s e  i n  t h e  i n l e t  and t h e  aerodynamic 
performance of t h e  i n l e t ,  r e s p e c t i v e l y .  ?he t h r e e  K u l i t e  t r ansduce r s  w e r e  p laced a t  
l o c a t i o n s  upstream of t h e  f a n  t o  determine i f  an a c o u s t i c  t one  w a s  p r e s e n t  f o r  d i f -  
f e r e n t  t e s t - e n g i n e  rpm's. The placement of t h e  s t a t i c  p o r t s  w a s  chosen t o  measure 
t h e  behavior of t h e  flow i n  t h e  i n l e t  l i p  region,  i n c l u d i n g  t h e  i n l e t  s t a g n a t i o n  
p o i n t ,  and t h e  p r e s s u r e  p r o f i l e s  a long  a n  a x i a l  l i n e  on t h e  i n n e r  w a l l  of t h e  i n l e t .  
The e i g h t  c i r c u m f e r e n t i a l  s t a t i c  p o r t s  a t  n a c e l l e  s t a t i o n  30.000 provided d a t a  t o  
c a l c u l a t e  t h e  t o t a l  mass flow through t h e  engine.  Appendix B g ives  t h e  b a s i s  f o r  t h e  
d e r i v a t i o n  of formulas t o  c a l c u l a t e  t h e  engine performance. Appendix C shows t h e  
a c t u a l  ou tpu t  of t h e  d i g i t a l  r eco rd ing  system and shows how t h e s e  s t a t i c - p o r t  mea- 
surements w e r e  used t o  c a l c u l a t e  engine and a i r c r a f t  performance. 
It  shows t h e  l o c a t i o n s  of 3 f u l i t e  p r e s s u r e  t r a n s d u c e r s  and 32 s ta t ic -  
In t h e  s e c t i o n  e n t i t l e d  " F l i g h t  Resu l t s  and Comparisons," d a t a  are  p resen ted  t o  
show comparisons of s t a t i c ,  wind-tunnel, and f l i g h t  i n l e t  inf low behavior w i th  t h e  
s t a t i c - p r e s s u r e  measurements i n  t h e  i n l e t .  
In  a d d i t i o n  t o  t h e  engine t r ansduce r s  i n s t a l l e d  d u r i n g  t h e  mod i f i ca t ion  of t h e  
t es t  engine (see appendix A ) ,  NASA added t h e  aforementioned 3 i n l e t  K u l i t e  t r a n s -  
ducers ,  64 p r e s s u r e  t r ansduce r s ,  over  20 engine-bypass-duct temperature t r ansduce r s ,  
and a JT15D-1 fuel-f low transducer .  M d i t i o n a l  a i r c r a f t  i n s t rumen ta t ion  measured 
a n g l e s  of a t t a c k  and s i d e s l i p ,  t o t a l  and s t a t i c  p r e s s u r e  (all from t h e  nose boom), 
and t h e  r p m l s  of s h a f t  components of a l l  t h r e e  engines .  Numerous o t h e r  t r a n s d u c e r s  
measured parameters f o r  monitoring a i r c r a f t  and t e s t - eng ine  operat ion.  
D a t a  recording system.- The d a t a  recording system employed a combination of 
analog and d i g i t a l  d a t a - a c q u i s i t i o n  techniques.  Table 2 is a d i g e s t  of t h e  
instrumentation-system c h a r a c t e r i s t i c s .  Figure 10 is  a block diagram of the system. 
D e t a i l s  of t h e  in s t rumen ta t ion  system and its ope ra t ion  aboard the a i r c r a f t  are con- 
t a i n e d  i n  r e fe rence  18. 
F igu res  11 and 1 2  i d e n t i f y  the l o c a t i o n  of the most important  components of the 
system and se rve  t o  demonstrate i ts  complexity. The c o n t r o l  of the system requ i r ed  a 
f u l l - t i m e  ins t rumen ta t ion  ope ra to r  aboard the  a i r c r a f t .  H i s  j ob  w a s  t o  coord ina te  
t h e  trimming of t he  JT15D-1 engine speed, t o  keep a real-time log,  to  i n i t i a t e  t h e  
ope ra t ion  of t he  t e l eme t ry  and d a t a  recording systems, t o  deenergize the  systems a t  
t h e  a p p r o p r i a t e  t i m e ,  and t o  coord ina te  a l l  t hese  a c t i v i t i e s  with t h e  p i l o t ,  who 
maintained the  f l i g h t  parameters c o n s t a n t  during t h e  a i r c r a f t  f l yove r  of t he  micro- 
phone a r r ay .  
WIND-TUNNEL TEST DESCRIPTION 
T e s t s  with the modified JT15D-1 engine w e r e  performed j o i n t l y  by LaRC and ARC 
personnel  a t  t he  Ames 40- by 80-Foot Wind Tunnel and the  Ames Outdoor S t a t i c  T e s t  
Stand. The purposes of t he  tests w e r e  t o  c o l l e c t  d a t a  t o  a f f i r m  t h a t  JT15D-1 f a n  
n o i s e  can be s imulated i n  a tunne l ,  t o  q u a l i f y  wind-tunnel l i m i t a t i o n s  t o  guide more 
a c c u r a t e  s t a t i c  t e s t i n g  of engines ,  t o  demonstrate t he  e x i s t e n c e  of a c l ean  inf low 
f o r  the OV-lB/JT15D-l f l i g h t  c o n f i g u r a t i o n  with forward v e l o c i t y  ( i .e. ,  e f f e c t  of 
OV-1R wing on i n l e t  i n f l o w ) ,  and to  i n v e s t i g a t e  angle-of-at tack e f f e c t s  upon source 
and f a r - f i e l d  no i se  measurements. Figure 13 is  a photograph of the JT15D-1 engine 
mounted i n  the  wind tunne l .  Reference 19 con ta ins  the d e t a i l s  and r e s u l t s  from t h e s e  
tests . 
The LaRC f l i g h t  JT15D-1 engine w a s  used f o r  t h e s e  tests. The L e R C  f a n  r o t o r  and 
t e l eme t ry  nose cone ( i d e n t i c a l  t o  t h e  LaRC system) w e r e  used i n  t h e  LaRC f l i g h t  
engine. Ames Research Center  f a b r i c a t e d  t h e  r e sea rch  i n l e t .  The l i p  and i n t e r n a l  
contour  l i n e s  of t h e  i n l e t  w e r e  i d e n t i c a l  t o  t hose  used a t  LeRC and LaRC and t h e  
e x t e r n a l  contour  l i n e  merged smoothly wi th  t h e  wind-tunnel n a c e l l e  f o r  t h e  JTI  5D-1 
engine. (See f i g .  14 . )  The t e s t  runs  performed a t  t h e  Ames Outdoor S t a t i c  Test 
Stand u t i l i z e d  t h e  same engine-nacelle-pylon hardware as w a s  used i n  t h e  tunnel .  
Also shown i n  f i g u r e  14 i s  t h e  a c o u s t i c  t r ea tmen t  t h a t  w a s  added t o  reduce t h e  
a f t - r a d i a t e d  bypass-duct exhaus t  noise.  The a c o u s t i c  t r e a t m e n t  around t h e  co re  noz- 
z l e  w a s  contained w i t h i n  a p e r f o r a t e d  o u t e r  aluminum w a l l .  As t h e  o r i g i n a l  engine 
exhaus t  system w a s  f a b r i c a t e d  and used f o r  t h e  h y b r i d - i n l e t  r e sea rch  performed i n  
r e f e r e n c e  20, a new cone-shaped o u t e r  w a l l  w a s  designed t o  provide a t h i c k  l i p  
(=1  in. ) a t  t h e  c o r e  nozzle  e x i t .  This l i p  a c t e d  as a t a b  f o r  t h e  bypass-duct 
exhaus t  t o  a d j u s t  i t s  a n n u l a r  open area c l o s e  to t h a t  of a product ion JT15D-1 engine. 
STAT1 C-TES T DESCRIPTION 
The LeRC conducted s t a t i c  f a n  tests a t  t h e i r  V e r t i c a l  L i f t  Fan F a c i l i t y .  The 
emphasis i n  t h e  L e w i s  tests w a s  t h e  development of a p a s s i v e  i n l e t  i n f low c o n t r o l  
dev ice  ( I C D )  t o  s i m u l a t e  f l i g h t  n o i s e  source behavior i n  a ground static-test  f a c i l -  
i t y .  References 21 and 22 c o n t a i n  d e t a i l s  of t h e  LeRC program and t h e  outdoor s t a t i c  
tes t  f a c i l i t y .  
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The outdoor test  f a c i l i t y  a t  LeRC is  shown i n  f i g u r e  15. The JT15D-I test  
engine is suspended from a thrust-measuring system on a c a n t i l e v e r e d  v e r t i c a l  pylon 
suppor t  arm. The engine c e n t e r l i n e  is 9.5 f t  above the ground and 3.4 f an  diameters  
from the  n e a r e s t  t e s t  suppor t  s t r u c t u r e .  The photograph shows t h e  JT15D-1 engine 
configured f o r  base l ine  a c o u s t i c  tests us ing  a bellmouth i n l e t  and connected t o  the 
exhaust  muff ler .  Both the bypass exhaust  gas and core  exhaust  gas are exhausted i n t o  
t h e  muff ler  , which e f f e c t i v e l y  e l imina ted  a l l  af t - r a d i a t e d  noise .  
The r e s u l t s  have culminated i n  the  success fu l  development of small ,  simple,  and 
inexpensive ICD design.  (See r e f s .  22 and 23.) Figure 16 is  a photograph of the 
ICD, and f i g u r e  17 con ta ins  some cons t ruc t ion  and mounting d e t a i l s .  This compact ICD 
is  only two fan  diameters  ac ross ,  and, as demonstrated i n  re ference  23, t h e  r ad ia t ed -  
no ise  f i e l d  is no t  s i g n i f i c a n t l y  a l t e r e d  by i t s  presence.  Furthermore, it w a s  shown 
t h a t  t h i s  new I C D  genera tes  no important  new noise  sources .  
FLIGHT RESULTS AND COMPARISONS 
This  s e c t i o n  con ta ins  d e s c r i p t i o n s  of some a n a l y t i c a l  f l ow- f i e ld  c a l c u l a t i o n s  
f o r  t h e  JTI  5D-1 n a c e l l e  i n l e t  and comparisons of t h e  c a l c u l a t e d  r e s u l t s  wi th  measured 
f l i g h t  values .  Data are presented  i n  terms of s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  and 
va r ious  performance parameters ( e i t h e r  measured d i r e c t l y  o r  c a l c u l a t e d  from t h e  m e a -  
su red  va lues )  as  a func t ion  of f a n  speed. Explicit a n a l y t i c a l  expres s ions  f o r  sev- 
e r a l  of t h e  parameters  a re  presented  i n  appendix B. Table C1 i s  a l i s t  of symbols t o  
a i d  i n  reading  a PCM (pulse-code modulated) p r i n t o u t .  A t y p i c a l  l i s t i n g  of PCM d a t a  
i s  presented  i n  t a b l e  C2. F ina l ly ,  a composite f a n  o p e r a t i n g  l i n e  i s  shown which 
compares s ta t ic ,  wind-tunnel, and f l i g h t  r e s u l t s .  
I n l e  t Flow- Fie I d  Comparisons 
The i n l e t  of t h e  JTI  5D-1, descr ibed  i n  t h e  s e c t i o n  e n t i t l e d  "Test-Engine I n l e t , "  
w a s  designed t o  ope ra t e  over  t h e  e n t i r e  range of t e s t  environments: s t a t i c ,  wind- 
tunnel ,  and f l i g h t .  To e v a l u a t e  t h e  aerodynamic des ign ,  va r ious  i n l e t  f low condi- 
t i o n s  w e r e  exe rc i sed  u s i n g  an  i n v i s c i d ,  compressible ,  p o t e n t i a l - f  low computer pro-  
gram. ?he program i s  an advanced ve r s ion  of t h e  procedure desc r ibed  i n  r e fe rence  24, 
and it genera tes  three-dimensional f low f i e l d s  about  axisymmetric bodies.  Input  
q u a n t i t i e s  inc lude  i n l e t  geometry, weight  flow, forward v e l o c i t y ,  and ang le  of 
a t t a c k .  Output q u a n t i t i e s  i nc lude  t h e  t h r e e  components of v e l o c i t y ,  Mach number, and 
p res su re  r a t i o  a long  t h e  w a l l .  
F igure 1 8  p r e s e n t s  c a l c u l a t e d  r e s u l t s  from the  program which d i s p l a y  the  vector  
flow f i e l d s  i n  the  i n l e t .  The c a l c u l a t i o n s  w e r e  performed f o r  a t o t a l  engine weight 
flow of 47.5 l b / sec ,  which is t y p i c a l  f o r  a landing-approach engine s e t t i n g  and f o r  
forward speeds r e p r e s e n t a t i v e  of s ta t ic  (t3 f t / s e c  ), wind-tunnel ( 100 f t / s e c  1 , and 
f l i g h t  (220 f t / s e c )  test  condi t ions .  For these  vec tor  p l o t s ,  t he  length  of the vec- 
t o r  i n d i c a t e s  speed sca l ed  t o  the  length  of a g r i d  which corresponds t o  1000 f t / s e c .  
I n  f i g u r e  18 (a ) ,  which is f o r  the  static-test  case, it is  seen t h a t  a i r f l o w  is  drawn 
i n t o  the  i n l e t  from a l l  d i r e c t i o n s  i n  an environment i n i t i a l l y  a t  rest. The flow 
f i e l d  r evea l s  a r ap id  a c c e l e r a t i o n  around the i n l e t  l i p  and a quick adjustment  t o  
near-uniform flow n o t  f a r  i n t o  t h e  i n l e t .  The wind-tunnel f low f i e l d  of f i g u r e  1 8 ( b )  
i n d i c a t e s  t h a t  the i n l e t  flow is drawn i n  from the forward d i r e c t i o n  bu t  with less 
a c c e l e r a t i o n  than f o r  t he  s t a t i c  case i n  the  region of t he  h i g h l i g h t .  The f l i g h t -  
t e s t  environment of f i g u r e  18(c)  shows a near-uniform flow f i e l d ,  l i t t l e  a c c e l e r a t e d  
flow, and the  s t a g n a t i o n  p o i n t  occur r ing  near the  i n l e t  h i g h l i g h t .  
10 
Comparisons of s t a t i c ,  wind-tunnel, and f l i g h t  su r f ace -p res su re  ratios and Mach 
number d i s t r i b u t i o n s  a long  the  i n l e t  w a l l  are presented i n  f i g u r e  19. These d a t a  are 
f o r  t he  same o p e r a t i n g  cond i t ions  as i n  the  previous f i g u r e .  The change i n  stagna- 
t i o n  p o i n t  (ps/pt = 1 )  and the d i f f e r e n t  flow g rad ien t s  i n  the  i n l e t  l i p  region are 
ev iden t .  However, a quick recovery f o r  a l l  test  environments is obtained with the 
i n l e t ,  as evidenced by the  c l o s e  agreement of su r face  cond i t ions  a t  an i n t e r n a l  d i s -  
tance from the  h i g h l i g h t  of about 5 i n .  A near matching of cond i t ions  is reached 
about 10 i n .  a f t  of t he  h i g h l i g h t .  The f an  is loca ted  about  30 i n .  a f t  of t h e  high- 
l i g h t .  Boundary-layer c a l c u l a t i o n s  showed t h a t  t he  boundary-layer t h i ckness  a t  the  
f a n  v a r i e d  from 0.39 in .  f o r  t h e  f l i g h t  case to  0.46 in.  f o r  t h e  s t a t i c  case. 
I n l e t  S t a t i c  P res su res  
Figure 20 p r e s e n t s  su r face -p res su re - r a t io  d a t a  ob ta ined  i n  f l i g h t  compared w i t h  
c a l c u l a t e d  r e s u l t s .  These r e s u l t s  are  f o r  a n  a x i a l  a r r a y  of s t a t i c  p o r t s  a t  t h e  
bottom of t h e  i n l e t .  The two cases shown correspond t o  d i f f e r e n t  i n l e t  weight flows. 
Although t h e  d a t a  are n o t  p r e c i s e l y  a t  t h e  s a m e  cond i t ions  as t h e  c a l c u l a t i o n s ,  good 
agreement i s  ob ta ined  f o r  both p r e s s u r e - r a t i o  magnitude and f o r  t h e  shape of t h e  
i n l e t - w a l l  a x i a l  d i s t r i b u t i o n .  The reg ion  of t h e  i n l e t  j u s t  a f t  of t h e  l i p  h i g h l i g h t  
shows t h e  most r a p i d  adjustments.  F i n a l l y ,  t h e r e  i s  a good match a t  s t a t i o n  30, 
where t h e  performance c a l c u l a t i o n s  are made. 
Calculated c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n s  a t  s t a t i o n  30 f o r  v a r i o u s  
a n g l e s  of a t t a c k  i n  f l i g h t  are p resen ted  i n  f i g u r e  21. For t h e  axisymmetric i n l e t  
used i n  t h e  a n a l y s i s ,  t h e r e  i s  a uniform d i s t r i b u t i o n  a t  
a t t a c k  i n c r e a s e s ,  t h e  d i s t o r t i o n  i n c r e a s e s  accordingly,  as i s  evidenced by t h e  ca l cu -  
l a t i o n s  f o r  a = 6O and a = go. Also shown i n  t h i s  f i g u r e  are t h e  r e s u l t s  from a 
f l i g h t  t es t  f o r  which t h e  engine t o t a l  weight flow and a i r c r a f t  forward v e l o c i t y  are 
nea r  t h e  va lues  used f o r  t h e  a n a l y t i c a l  c a l c u l a t i o n s .  The f l i g h t  i n l e t  i s  ax i smmet -  
r i c  wi th  respect t o  t h e  i n t e r n a l  i n l e t  contours ,  b u t  it is n o t  axisymmetric w i th  
r e s p e c t  t o  t h e  e x t e r n a l  n a c e l l e  contours .  The magnitude of t h e  d i s t o r t i o n  i s  g r e a t e r  
t han  t h e  p r e d i c t e d  magnitude, and t h e r e  i s  evidence of a p e r t u r b a t i o n  (148O30') which 
i s  n o t  p r e s e n t  i n  t h e  c a l c u l a t e d  r e s u l t s .  Figure 2 2  shows a series of circumferen- 
t i a l  p r e s s u r e  d i s t r i b u t i o n s  from t h e  f l i g h t  d a t a  corresponding t o  t h e  JT15D-1 f a n  
speeds t y p i c a l l y  used i n  t h e  f l i g h t  test .  These d i s t r i b u t i o n s  i n d i c a t e  t h a t  t h e  
aforementioned p e r t u r b a t i o n  d i s t o r t i o n  p a t t e r n  (148O30') v a r i e d  wi th  t h e  engine 
speed, and t h e  g r e a t e s t  d e v i a t i o n  w a s  a t  t h e  lowest  engine rpm. 
ai = Oo. As t h e  a n g l e  of 
i i 
I n  a d d i t i o n ,  the a n a l y s i s  showed t h a t  a t  any given angle  of a t t a c k ,  the d i s t o r -  
t i o n  magnitude inc reased  as e i t h e r  a i r c r a f t  Mach number o r  weight flow increased.  
The a n a l y s i s  f u r t h e r  showed t h a t  t he  magnitude of t he  d i s t o r t i o n  
normalized to  t h e  i n l e t  Mach number (which is p r o p o r t i o n a l  t o  weight flow) w a s  
approximately a l i n e a r  f u n c t i o n  of t he  crossf low component, M s i n  a, i n  t he  i n l e t .  
This  a n a l y t i c a l  r e l a t i o n s h i p  is  p resen ted  i n  f i g u r e  23, a long m t h  f l i g h t  d a t a  over a 
wide range of weight flow, forward speed, and ang le  of a t t a c k .  The f l i g h t  d a t a  do 
no t  fo l low the  t r e n d s  p r e d i c t e d  by t h e  a n a l y s i s .  The d a t a  i n d i c a t e  a near-constant  
d i s t o r t i o n  level t h a t  is independent of a i r c r a f t  speed and i n l e t  angle  of a t t a c k .  
This r e s u l t  is i n  agreement with t h a t  of r e fe rence  25, f o r  which the i n l e t  d i s t o r t i o n  
w a s  measured a t  a = Oo i n  t h e  wind tunnel .  Hence, t h e r e  appears t o  be a b u i l t - i n  
ac 
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d i s t o r t i o n  flow to  the JT15D-1 engine which is  of s u f f i c i e n t  magnitude to  mask the  
smaller d i s t o r t i o n  t h a t  is induced by angle  of a t t a c k .  Steady d i s t o r t i o n s  i n  an 
i n l e t ,  of course,  can r e p r e s e n t  a no i se  source.  
Var i a t ions  of Operating Parameters With Fan Speed 
Flow incidence angle  of the f a n  r e l a t i v e  t o  the t angen t  angle  a t  the b l a d e - t i p  
l ead ing  edge (72O) w a s  c a l c u l a t e d  from the  vec to r  sum of the  mean flow i n  the  i n l e t  
a t  the  fan face Mf and the  r o t o r - t i p  Mach number Mt; t h a t  is ,  
a = 72O - arctan(Mt/Mf) 
t, re1 
where Mt = ad N /60c, df i s  the duc t  diameter a t  the  f an  f a c e ,  and c i s  the  
speed of sound: 'Calculated r e s u l t s  comparing s t a t i c  and f l i g h t  d a t a  over a range of 
f a n  speeds are p resen ted  i n  f i g u r e  24. Both sets of d a t a  show i n c r e a s i n g  incidence 
ang le  with fan speed. S ta t ic  d a t a  show l a r g e r  ang le s  a t  a l l  speeds. The d i f f e r e n c e  
is  due p r i m a r i l y  t o  s t agna t ion -p res su re  d i f f e r e n c e s  ( r e q u i r e d  t o  calculate M f )  t h a t  
arise between tests conducted s t a t i c a l l y  and du r ing  f l i g h t .  A major c o n t r i b u t o r  t o  
t h e  broadband no i se  spectrum may he t h e  i n t e r a c t i o n  between the r o t o r  and the  i n l e t  
boundary-layer turbulence ( r e f .  26). This mechanism is  a d i r e c t  func t ion  of r o t o r  
leading-edge loading, which is  a func t ion  of incidence angle .  It is  shown i n  r e f e r -  
ence 26 t h a t  b l ade - t ip  r e l a t i v e  Mach number and incidence angle  are the  dominant 
parameters f o r  p r e d i c t i n g  broadband noise  l e v e l s  f o r  f a n s  designed t o  ope ra t e  i n  t h e  
t r a n s o n i c  flow region. For a given engine (e.g., JT15D-1 1,  t h i s  imp l i e s  t h a t  broad- 
band noise  d i f f e r e n c e s  between s ta t ic  and f l i g h t  tests a t  t h e  same f a n  speed ( o r  more 
p r e c i s e l y  the s a m e  t i p  r e l a t i v e  Mach number) should be a func t ion  of incidence angle  
a lone.  
Figures  25 t o  30 are data p l o t s  of performance parameters from the  P C M  d a t a  of 
appendix C. The performance d a t a  are p l o t t e d  a g a i n s t  t h e  JT15D-1 f a n  speed N1. 
This fan speed is, of course,  fundamental i n  the de t e rmina t ion  of which tones (blade-  
passage f r equenc ie s )  are generated.  
Fan Operating Lines  
Figure 31 shows a p l o t  of t h e  f a n  p r e s s u r e  r a t i o  ve r sus  c o r r e c t e d  t o t a l  weight 
f law through t h e  engine which i s  commonly r e f e r r e d  t o  as t h e  f a n  o p e r a t i n g  l i n e .  For 
v a l i d  n o i s e  comparison i t  w a s  important  t o  i n s u r e  t h a t  t h e  engine r epea ted  i t s  per- 
formance curve du r ing  each set  of f l i g h t  tests. Two sets of d a t a  from f l i g h t  tests 
on 2 d i f f e r e n t  days are  shown i n  f i g u r e  31 t o  demonstrate t h e  e x c e l l e n t  r e p e a t a b i l i t y  
f o r  r e sea rch  ope ra t ion  of t h e  JTI  5D-1 engine. 
F i n a l l y ,  f i g u r e  32 is a comparison of t y p i c a l  fan o p e r a t i n g  curves taken from 
each of the s t a t i c ,  wind-tunnel, and f l i g h t  tests. The o v e r a l l  comparison between 
the  s ta t ic  and f l i g h t - t e s t  o p e r a t i n g  curves is  very good. Because the  t i m e  schedule  
d i c t a t e d  the use of e x i s t i n g  bypass and co re  exhaust  hardware, t h e  wind-tunnel oper- 
a t i n g  curve deviated a t  the  higher  weight flow and f an  p r e s s u r e  r a t i o s .  However, a t  
t h e  weight flow f o r  the approach p o w e r  engine s e t t i n g s  ( 4 5  t o  50 Ib/sec), the com- 
pa r i son  between a l l  t h r e e  curves is s a t i s f a c t o r y .  
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CONCLUDING REMARKS 
The development of a r e s e a r c h  f l i g h t - t e s t  v e h i c l e  t h a t  c o n s i s t s  of a modified 
P r a t t  & Whitney JT15D-1 tu rbofan  engine and a modified Grumman OV-1B Mohawk a i r c r a f t  
is  p resen ted  i n  t h i s  paper. The s ta t ic ,  wind-tunnel, and f l i g h t - t e s t  hardware and 
environments are described. It i s  shown t h a t  care w a s  taken t o  u s e  i d e n t i c a l  i n l e t  
hardware du r ing  r e s e a r c h  t e s t i n g  t o  a s s u r e  t h a t  v a l i d  comparisons could be made 
between t h e  t h r e e  d a t a  bases. 
Comparisons of t he  f l i g h t  d a t a  with the  a n a l y t i c a l  c a l c u l a t i o n s  have demon- 
s t r a t e d  s a t i s f a c t o r y  performance of t h e  f l i g h t  i n l e t .  R e p e a t a b i l i t y  of t h e  f a n  oper- 
a t i n g  curves f o r  t he  JT15D-1 test  engine during f l i g h t  w a s  shown to  be very good. 
The s t a t i c  and f l i g h t  o p e r a t i n g  curves are i n  good agreement over t h e  e n t i r e  f a n  
o p e r a t i n g  range. Comparisons of t hese  curves with the wind-tunnel ope ra t ing  curve 
show good agreement i n  the  range f o r  an approach power s e t t i n g ;  t h a t  is, a t  about  
10 500 r p m ,  t he  wind-tunnel curve is  only s l i g h t l y  lower. However, t he  d i sc repanc ie s  
between the o p e r a t i n g  l i n e s  are due p r i m a r i l y  t o  exhaust-system d i f f e r e n c e s ,  r a t h e r  
than t o  any eng ine - in l e t  d i f f e r e n c e s .  
Langley Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
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TABLE 1.- GENERAL INFORMATION ABOUT OV-lB MOHAWK AIRCRAFT 
Wing span. f t  .................................................................. 48 
Overa l l  length.  f t  ............................................................. 41 
T a i l  he ight .  i n  ................................................................ 152 
A s p e c t  r a t i o  ................................................................... 6.11 
Fuel capac i ty .  lb ( i n t e r n a l )  ................................................... 1930 
Power p l a n t s  ( 2 )  ................................................... Lycoming T53-L-7 
Take-off power. ESHP each ....................................................... 1150 
Weight: 
S t r u c t u r e  (wing. tail. body. landing  gear. n a c e l l e s ) .  lb ..................... 4425 
Propuls ion group. lb ......................................................... 2415 
E lec t ron ic s  group ( inc lud ing  a u t o p i l o t ) .  l b  ................................... 1697 
Passive defense (armor. f l a k  c u r t a i n s .  b u l l e t - r e s i s t a n t  g l a s s  1. lb ........... 239 
Fixed equipment ( f l i g h t  c o n t r o l s  . inst ruments .  hydraul ics .  electrical .  
furn ish ings .  a i r  condi t ion ing .  photographic  wi th  V/H scanner .  
a u x i l i a r y  gear). lb ........................................................ 2291 
To ta l  empty weight. lb ..................................................... 11 067 
C r e w  ( 2 ) .  lb ................................................................. 400 
Usable f u e l  (297 g a l ) .  lb .................................................... 1930 
Photographic equipment (camera and a c c e s s o r i e s ) .  lb .......................... 95 
Oxygen i n s t a l l a t i o n .  lh ...................................................... 51 
Observer 's  pack. l b  .......................................................... 25 
Miscellaneous u s e f u l  load. lb ................................................ 181  
To ta l  u s e f u l  load ............................................................ 2682 
Take-off gross  weight. lb .................................................. 13 749 
Performance: 
Maximum speed a t  maximum power. kno t s  ........................................ 259 
Maximum speed a t  5000 f t .  MRP. l e v e l  f l i g h t .  60 p e r c e n t  f u e l .  kno t s  .......... 250 
S t a l l  speed a t  sea l eve l .  l anding  conf igura t ion .  10  p e r c e n t  NPR. kno t s  ....... 70 
Take-off d i s t a n c e  over  50 - f t  obs t ac l e .  f t  .................................... 975 
Landing d i s t a n c e  over  50- f t  o b s t a c l e  wi th  60 p e r c e n t  f u e l .  f t  ................ 925 
Serv ice  c e i l i n g  a t  take-of f  g ross  weight less 20 p e r c e n t  f u e l .  f t  .......... 25 000 
R a t e  of climb. 2 engines .  MRP a t  sea l e v e l  and take-off  weight. f t /min  ....... 2775 
Endurance a t  200 knots  and 5000 f t .  hours  .................................... 1.80 
Maximum endurance (two 150-gal e x t e r n a l  t anks )  a t  20 000 f t .  hours ........... 6.11 
Range (two 150-gal  e x t e r n a l  t anks ) .  n.mi. .................................... 1094 
Time. hours .................................................................. 5.49 
Average speed. kno t s  ......................................................... 203 
Cruise  a l t i t u d e .  f t  ........................................................ 20 000 
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TABLE 2.- JT15D-l/OV-lB INSTRUMENTATION-SYSTEM CHARACTERISTICS 
Telemetry : 
Number of p r e s s u r e  channels  ................................................... 8 
Frequency response.  kHz ................................................ 0.02 t o  20 
Signal- to-noise  ratio.  d B  ..................................................... 50 
Dynamic range. dB SPL .................................................. 120 t o  170 
Frequency range. MHz ................................................... 60 to  108 
Power ................................................... Battery/remote c o n t r o l l e d  
Temperature. OC ........................................................ -28 t o  70 
R o t a t i o n a l  speed. r p m  ...................................................... 16 000 
D i g i t a l  subsystem: 
Number of f l i g h t  measurements programmed ...................................... 112 
B i t s  per word ................................................................. 10 
Resolu t ion .  pe rcen t  ........................................................... 0.1 
B i t  rate. sec-’ ........................................................... 100 000 
-1 Sample rate. sec ............................................................ 90 
Encoding accuracy. percent f u l l  scale ......................................... 0.4 
Wideband F M  subsystem: 
Number of channels  ............................................................ 21 
Center  frequency. kHz ......................................................... 104 
Deviat ion.  pe rcen t  ............................................................ f40 
Subsystem accuracy. p e r c e n t  f u l l  scale ........................................ 2 
Frequency response.  kHz ................................................ 0.02 t o  20 
Other subsystems: 
Tape r eco rde r s  ( 2 ) .  i n / sec .  d i r e c t  record  ..................................... 30 
Time code. kHz .......................................................... IRIG-A-10 
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Figure 1.- Fl ight  e f f ec t s  on fan  noise with 
JT15D-1 'test engine. 
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Figure 2. - Fl ight  operations technique. 
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Figure 3.- J T 1 5 D - I / O V - l B  signal-to-noise ratio.  N1 ,COrr EJ 10 800 r p m ;  




F igure 4.- J T 1  SD- l /OV- lB  tes t  a i r c ra f t  configuration. 
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Figure 6.- Modified OV-1B Mohawk research aircraft  i n  f l i gh t .  
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Figure 8.- Fl ight  acoustic treatment. 
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Figure 9.- Research i n l e t  s t a t i c  p o r t  locations.  Linear dimensions a r e  i n  inches. 
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Figure 11. - JT15D-I/OV-lB inst rumentat ion system. 
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Figure 14.- JT15D-1 engine-nace l le  a c o u s t i c  t r e a t m e n t  fo r  tes t  i n  
Ames 40- by 80-Foot Wind Tunnel. 
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Figure  7 5.- JT15D-1 engine a t  L e w i s  V e r t i c a l  Lift Fan F a c i l i t y  
configured fo r  b a s e l i n e  a c o u s t i c  tests. 
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Figure 7 6.- Inlet c o n t r o l  device  (ICD) number 12. 
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Figure 18.- Vector flow f i e l d  f o r  JT15D-1 f l i g h t  i n l e t .  
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Figure 19.- Comparisons of s t a t i c ,  wind-tunnel, and f l i g h t  p r e s s u r e  and 
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Figure 20.- Comparison of surfa-ce-pressure-ratio d i s t r i b u t i o n s  during f l i g h t  f o r  
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Figure 22.- Ci rcumferent ia l  i n l e t  p r e s s u r e  d i s t r i b u t i o n s  a t  s t a t i o n  30 fo r  va r ious  
f a n  speed (N, ). 
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Figure  23. - Comparison of f l ight-measured and c a l c u l a t e d  inf low 
d i s t o r t i o n  a t  ang le  of a t t a c k .  
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Figure  24.- Var ia t ion  of a wi th  f a n  speed. 
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Figure 25.- Variation of corrected weight flow w i t h  fan speed. 
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Figure 27.- Var i a t ion  of r e l a t i v e  Mach number of 
f an -b lade  t i p  wi th  f a n  speed. 
F igure  28.- 
Fan speed, rpm 
Var ia t ion  of i n l e t  Mach number w i t h  f a n  speed. 
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Figure 31 .- F l i g h t  f a n  ope ra t ing  l i n e  comparison. 
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Figure  32.- Fan o p e r a t i n g  l i n e  comparison u s i n g  f l i g h t  r e sea rch  i n l e t  and 
a c o u s t i c  t r ea tmen t  for engine  exhaust .  
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DETAILS OF AIRCRAFT-ENGINE MODIFICATIONS AND OPERATIONS 
This  appendix c o n t a i n s  b r i e f  d e s c r i p t i o n s  of ( 1 )  t h e  d e t a i l s  of t h e  modifica- 
t i o n s  t o  t h e  Grumman OV-1B Mohawk aircraf t  t o  enab le  it t o  s a f e l y  c a r r y  and suppor t  
t h e  ope ra t ion  of t h e  P r a t t  & Whitney JT15D-1 engine,  (2) t h e  o p e r a t i o n  of t h e  JT15D-1 
engine with emphasis on t h e  g a s  p a t h s  and r o t a r y  components, and ( 3 )  hardware modifi-  
c a t i o n s  and in s t rumen ta t ion  added t o  t h e  JT15D-1 engine i n  o r d e r  t o  c a r r y  o u t  t h e  
fan-noise  r e s e a r c h  program. 
A i r c r a f t  Modif icat ion 
A c o n t r a c t  w a s  awarded t o  t h e  Grumman Aerospace Corporation (GAC) f o r  t h e  
design,  f a b r i c a t i o n ,  assembly, and t e s t i n g  of mod i f i ca t ion  t o  i n s t a l l  a JT15D-1 t u r -  
bofan engine on a n  OV-1B Mohawk a i rc raf t .  I n  t h e  d i s c o u r s e  which fo l lows ,  on ly  p e r -  
t i n e n t  p o i n t s  of t h e  OV-1B modi f i ca t ions  and a n a l y s i s  are covered. A more d e t a i l e d  
exp lana t ion  can be found i n  t h e  Grumman f i n a l  r e p o r t  f o r  t h i s  c o n t r a c t  ( r e f .  27). 
S t r u c t u r a l  analyses.-  S t r u c t u r a l  ana lyses  w e r e  performed by GAC on the  proposed 
tes t -bed a i r c r a f t .  The loads a n a l y s i s  included f l i g h t  loads,  landing loads,  i n t e r n a l  
loads,  and margins of s a f e t y  required.  Stress ana lyses  w e r e  done on t h e  hardback 
assembly, sway braces, bomb rack, pylon p o s t ,  in ternal-wing pylon support  s t r u c t u r e ,  
and wing s t r u c t u r e .  Fat igue l i f e  w a s  i n v e s t i g a t e d  and determined no t  t o  be a problem 
f o r  a r e sea rch  mission of up t o  4 years  with no t  more than 300 hours of ope ra t ion .  
F l u t t e r  and divergence w e r e  a l s o  shown not  t o  be a problem f o r  the proposed r e sea rch  
mission. Resu l t s  of t he  s t r u c t u r a l  ana lyses  i n  t e r m s  of f l i g h t  r e s t r i c t i o n s  are as 
fol lows : 
Maximum symmetric pul l -up maneuvers, 29 a c c e l e r a t i o n  
Maximum symmetric push-over maneuvers, Og a c c e l e r a t i o n  
Maximum bank ang le  of 30° 
Landings and take-offs  from smooth hard runways 
Flared landings only t o  a maximum s i n k  speed of 6 f t / s e c  
Maximum f l i g h t  speed of 200 knots  
No ab rup t  maneuvers 
Maximum r o l l  rate of 30° per  second 
Maximum al lowable s i d e s l i p :  
12O a t  100 k n o t s  
7O a t  150 knots  
4 O  a t  200 kno t s  
No p e n e t r a t i o n  of "moderate b u f f e t "  
300 f l i g h t  hours i n  test  c o n f i g u r a t i o n  
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T e s t  engine f i t  t o  a i r c r a f t . -  A production JT15D-1 engine w a s  furnished t o  GAC 
by NASA t o  be used i n  place of t he  modified JT15D-1 i n  o rde r  t o  f i t  the  engine to  t h e  
a i r c r a f t .  The product ion engine w a s  a l s o  used f o r  t he  f l i g h t  t e s t i n g  of t he  modified 
a i r c r a f t .  The engine w a s  supp l i ed  *with a l l  the t r ansduce r s  and i n d i c a t o r s  r equ i r ed  
f o r  normal JT15D-1 ope ra t ion .  
A s o l i d  aluminum hardback w a s  designed and f a b r i c a t e d  which bo l t ed  to  the  two 
t op  forward and one top a f t  JT15D-1 engine mounts ( f i g .  A1 1. The forward engine 
mount t akes  f o r e ,  a f t ,  v e r t i c a l ,  and s i d e  loads.  The a f t  engine mount needed only to  
take v e r t i c a l  and s i d e  loads.  The hardback w a s  designed t o  adapt  t o  the  normal OV-1B 
bomb rack and sway-brace support  p o i n t s  a t  wing s t a t i o n  185. A s p e c i a l  f i t t i n g  w a s  
i n s t a l l e d  a t  the  forward lug  hook attachment p o i n t  to  p reven t  f o r e  and a f t  movement 
of t h e  package. The j e t t i s o n  c a p a b i l i t y  a t  t h i s  s t o r e s  s t a t i o n  w a s  disabled.  
A Cessna C i t a t i o n  n a c e l l e  (model 550) w a s  f i t t e d  t o  the  engine. Because t h e  
550 n a c e l l e  "side-mounts" on a rear fuse l age ,  a new l e f t - s i d e  upper cowl w a s  f a b r i -  
ca t ed ,  and the  n a c e l l e  w a s  then modified t o  the r equ i r ed  v e r t i c a l  support  from t h e  
OV-1B wing. 
I n t e r n a l  wing changes.- The d e i c e r  boot and the wing leading-edge panels  w e r e  
removed from the r i g h t  wing ( f i g .  A1 ). This gave wing access t o  i n s t a l l  the neces- 
s a r y  JT15D-1 engine c o n t r o l  l i n e s  and electrical w i r e s ,  r e sea rch  in s t rumen ta t ion  
w i r e s ,  f u e l  l i n e s ,  and f i r e  e x t i n g u i s h e r  l i n e s .  The e x i s t i n g  f u e l  feed l i n e ,  which 
t r a n s f e r s  f u e l  from the  r i g h t  drop tank t o  t h e  main tank, w a s  used t o  rou te  f u e l  t o  
the  JT15D-1 by simply r e v e r s i n g  the  d i r e c t i o n  of the pumping a c t i o n  of t he  wing tank 
t r a n s f e r  pump. A vent  f u e l  l i n e  w a s  then added i n  the  l ead ing  wing edge which vented 
the engine f u e l  system back i n t o  the  main tank. The wing leading-edge and d e i c e r  
boot  w a s  replaced a f t e r  completion of t he  aforementioned work. 
JT15D-1 c o n t r o l s  and instrumentat ion.-  Figure A 2  is a forward view of the tes t -  
a i rcraf t  cockp i t  arrangement. The JT15D-1 engine monitoring instruments  w e r e  
i n s t a l l e d  i n  the  observers  i n s t rumen ta t ion  panel.  The readouts  included fan speed 
N 1 ,  compressor speed N 2 ,  i n t e r t u r b i n e  temperature ( I T T ) ,  engine o i l  p re s su re ,  and 
engine o i l  temperature.  The JT15D-1 engine v i b r a t i o n  l e v e l s  w e r e  measured and 
recorded during f l i g h t  b u t  w e r e  not  displayed.  A red warning l i g h t  i n  the cockp i t  
w a s  used t o  i n d i c a t e  t h a t  t he  engine v i b r a t i o n  l e v e l s  w e r e  beyond a p r e s e t  l i m i t .  
The engine would be s h u t  down immediately i f  the red l i g h t  i l l umina ted .  A quadrant  
t h r o t t l e  c o n t r o l  f o r  t h e  JT15D-1 engine w a s  i n s t a l l e d  on the  r i g h t  s i d e  of the upper- 
c e n t e r  c o n t r o l  console  a d j a c e n t  t o  the  t h r o t t l e  c o n t r o l s  f o r  the t w o  turboprop 
engines .  The JT15D-1 engine power, f u e l ,  and s t a r t  switches w e r e  i n s t a l l e d  i n  the 
lower-center c o n t r o l  console  so t h a t  they w e r e  e a s i l y  a c c e s s i b l e  by the  p i l o t  and 
observer .  
Nose-boom mounting p rov i s ions .  - GAC f a b r i c a t e d  and i n s t a l l e d  s t r u c t u r a l  provi-  
s i o n s  f o r  an in s t rumen ta t ion  boom i n  t h e  fuse l age  nose of t he  a i r c r a f t .  This  
included mod i f i ca t ions  t o  the a i r c r a f t  nose cap and s t r u c t u r a l  reinforcement of the 
primary nose s t r u c t u r e  t o  c a r r y  the  nose-boom loads.  
Modified a i r c r a f t  f l i g h t  test.- The c o n t r a c t o r  w a s  r e q u i r e d  t o  d e f i n e  and exe- 
c u t e  a f l i g h t - t e s t  program t o  s a t i s f a c t o r i l y  demonstrate o p e r a t i o n  of t h e  a i r c r a f t ,  
i t s  subsystems, and mod i f i ca t ions  made du r ing  t h e  c o n t r a c t .  The f l i g h t  t e s t i n g  
included t h e  s i g n i f i c a n t  extremes of t h e  a i r c r a f t  envelope t h a t  w e r e  measurable wi th  
c o c k p i t  instrumentat ion.  
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Engine Desc r ip t ion  and Modif icat ions 
The t es t  engine w a s  a JT15D-1 tu rbofan  engine manufactured by P r a t t  & Whitney 
A i r c r a f t  of Canada. The engine i s  a twin-spool, f ront-fan,  j e t -p ropu l s ion  engine 
which has  a f u l l - l e n g t h  annu la r  bypass duct.  It has  a nominal bypass r a t i o  of 3.3 
and a maximum t h r u s t  c a p a b i l i t y  of 2200 lb. (See t a b l e  A1 f o r  des ign  f e a t u r e s . )  
Figure A3 i s  a f r o n t  and rear s i d e  view of a product ion JT15D-1 engine.  
Figure A4 i s  a schematic  which shows t h e  r o t a t i n g  b l ades ,  s t a t o r  vanes, and 
s t r u c t u r a l  components of t h e  engine.  Air e n t e r i n g  t h e  engine f i r s t  encounters  t h e  
21-in-diameter f an ,  which has  2 8  blades.  (See f i g s .  A3 and A4.) Behind t h e  f a n  i s  a 
s t a t o r  assembly ( f i g .  A5), which s e p a r a t e s  t he  a i r f l o w  i n t o  a bypass-duct flow and 
core-duct flow. The bypass s t a t o r  c o n s i s t s  of 66 s p l i t  vanes which reduce circum- 
f e r e n t i a l  a i r  motion t o  a very slow s w i r l .  The bypass a i r  then passes  by the  s i x  
engine support  s t r u t s  ( f i g .  A6), and, a f t e r  t r a v e l i n g  t h e  f u l l  l eng th  of the bypass 
duc t ,  e x i t s  through a bypass nozzle whose e x i t  is no t  normally coplanar  with the  co re  
flow. About t h ree - fou r ths  of the t o t a l  t h r u s t  is produced by the bypass a i r  flow. 
Any no i se  produced i n  t h e  i n l e t  o r  by i n t e r a c t i o n  between the r o t a t i n g  f a n  and any 
s t a t o r  vanes or  s t r u c t u r a l  engine components is f r e e  t o  propagate e i t h e r  forward ou t  
of t h e  i n l e t  o r  a f t  ou t  of t he  bypass-duct exhaust.  Therefore ,  it w a s  necessary t h a t  
t es t  d a t a  c o l l e c t e d  from the  ground, wind-tunnel, and f l i g h t  t e s t i n g  which w a s  t o  be 
compared have a c o u s t i c  t r ea tmen t  f o r  the bypass-duct exhaust  during t h e  t e s t i n g .  The 
c o r e  s t a t o r  of a product ion engine has 33 blades and guides the  a i r  p a s t  6 i n t e r n a l  
suppor t  s t r u t s  ( f i g .  A6) and i n t o  the  compressor. The compressor i s  a combination 
a x i a l - c e n t r i f u g a l  type which has 16 f u l l - l e n g t h  blades and 16 s p l i t t e r  blades.  The 
co re  a i r f l o w  then passes  i n t o  the  d i f f u s e r  s e c t i o n  and subsequent ly  i n t o  t h e  r e v e r s e  
annu la r  burner,  where it is mixed with t h e  f u e l  f o r  combustion. Af t e r  combustion, 
t h e  core-exhaust gases  pass  through a series of power t u r b i n e s  (each sepa ra t ed  by a 
s t a to r -vane  assembly). The f i r s t  t u r b i n e  provides  power t o  d r i v e  the  compressor, and 
the  next  two s t a g e s  d r i v e  the  fan.  The exhaust  gases then e x i t  through the co re  
nozzle .  The core flow provides  approximately one-fourth of the t o t a l  engine t h r u s t .  
The mod i f i ca t ions  t o  a l l  t h e  JT15D-1 engines  used i n  t h i s  program w e r e  performed 
by P r a t t  & Whitney A i r c r a f t  (PWA). The ins t rumen ta t ion  system f u r n i s h e d  by PWA pro- 
vided a means f o r  measuring and/or monitor ing t h e  i n l e t - e n e r a t e d  n o i s e  and f a n  per- 
f ormance. The dynamic in s t rumen ta t ion  measurement system c o n s i s t e d  of fan-blade and 
s t a to r -vane  t r ansduce r  measurements. Figure A7 shows t h e  blade-mounted t r ansduce r  
i n s t rumen ta t ion  system (BMTIS) hardware i n s t a l l e d  i n  t h e  JT15D-1 f l i g h t  engine. Fig- 
u r e  A8 is a n  electrical  schematic of t h e  BMTIS, which shows t h a t  t h e  r o t a t i n g - b l a d e  
t r ansduce r  s i g n a l s  are t e l eme te red  ( v i a  t h e  modified nose-cone e l e c t r o n i c s )  t o  a 
r e c e i v i n g  antenna i n  t h e  n a c e l l e  i n l e t  w a l l .  These s i g n a l s  are ampl i f i ed  and r o u t e d ,  
a l o n g  wi th  a once p e r  r e v o l u t i o n  s i g n a l  and a t i m e  code, t o  t h e  a i r c r a f t  instrumenta-  
t i o n  tape recorders .  This system i s  desc r ibed  i n  d e t a i l  i n  r e f e r e n c e  18. Some m e a -  
surement r e s u l t s  are p resen ted  i n  r e f e r e n c e  28. 
PWA a l s o  i n s t a l l e d  s t r u c t u r a l  p rov i s ions  f o r  mounting t h r e e  NASA fu rn i shed  
pressure-temperature rake assemblies i n  the  JT15D-1 engine bypass duc t  ( f i g .  A7). 
Each of t he  rake assemblies con ta ins  s i x  t o t a l - p r e s s u r e  tubes and f i v e  thermocouples , 
which are pos i t i oned  r a d i a l l y  across the  annular  bypass duc t  and approximately 120° 
a p a r t  c i r c u m f e r e n t i a l l y .  Readings from each of t he  t h r e e  l o c a t i o n s  are averaged t o  
y i e l d  the  bypass-duct t o t a l  p re s su re  and temperature.  , T h e r e  is  an a d d i t i o n a l  port 
f o r  measuring t h e  s ta t ic  p res su res  a t  each of the rake assemblies.  
A modified stator assembly (see f i g .  A9) w a s  also designed and f a b r i c a t e d  by 
PWA. A product ion co re  s t a t o r  has 33 vanes, b u t  the modified core stator c o n t a i n s  
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71 vanes . In a d d i t i o n  t o  i n c r e a s i n g  t h e  number of blades.  t h e  d i s t a n c e  between t h e  
f an - ro to r  c o r e  and t h e  c o r e - s t a t o r  assembly was inc reased  by 123 pe rcen t  ( f i g  . A 1 0 )  . 
By i n c r e a s i n g  t h e  spac ing  and number of s t a t o r s .  t h e  f an - ro to r / co re - s t a to r  t one  w a s  
a c o u s t i c a l l y  c u t  o f f  and t h e  broadband n o i s e  w a s  d iminished . 
TABLE A1 . . JT15D-1 DESIGN FEATIJRES 
Take-off r a t i n g  t h r u s t .  lb ..................................................... 2200 
Maximum fan  speed. N1. r p m  .................................................. 16 000 
Maximum compressor speed. N2. rpm ........................................... 32 000 
Maximum bypass r a t i o  ........................................................... 3.3 
Maximum fan  p res su re  r a t i o  ..................................................... 1.5  
Rotor diameter.  i n  ............................................................. 21 
Ra t io  of hub t o  r o t o r  t i p  ...................................................... 0.4 
Number of r o t o r  b lades  ......................................................... 28 
Number of bypass-s ta tor  vanes .................................................. 66 
Number of c o r e - s t a t o r  vanesa ................................................... 71 
Bypass r o t o r - s t a t o r  spac ing  .................................................... 1.83 
Core r o t o r - s t a t o r  s p a c i n 8  ..................................................... 0.63 _ _  
aProduction engine  has  33 c o r e - s t a t o r  vanes . 
bProduction engine co re  r o t o r - s t a t o r  spac ing  i s  0.28. 
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Figure A1 .- JT15D-I/OV-lB s t ruc tura l  modifications. 
‘Research instrumentation control s 
Figure A2. - Test-aircraft  cockpit arrangement. 
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Figure A3. - JT15D-1 production engine. 
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Figure A4.- JT15D-1 a i r f low and b lade  schemetic. 
L-80-899.1 
Figure A5.- V i e w  of JT15D-1 showing s t a t o r  assembly. Nose cone, f a n  case, 




Figure A6.- V i e w  of JT15D-1 showing engine suppor t  s t r u t s .  Nose cone, f a n  case, 
fan-blade assembly, and s t a t o r  assembly removed. 
"1 - R i m a  sn-duct aressure //" B1 ade-mounted transducer ( B H T )  
L-80-95 1.1 
Figure 247. - JT15D-1 engine with blade-mounted t ransducer  instrumentation 
system (BMTIS) i n s t a l l e d .  
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Figure A8.- Schematic of BMTIS. 
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Figure A1 0.- Core-stator a x i a l  modi.fication. 
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I N L E T  AND ENGINE PERFORMANCE EQUATIONS 
The pulse-code-modulated (PCM) d a t a  descr ibed i n  the  body of t h i s  r e p o r t  w e r e  
used to  c a l c u l a t e  t h e  fol lowing i n l e t  and engine performance parameters.  
The speed of sound i n  t h e  i n l e t  duc t  ci w a s  c a l c u l a t e d  using the  i n l e t  temper- 
a t u r e  Ti as fol lows:  
where Ti i s  i n  degrees  Rankine and ci i s  i n  f e e t  p e r  second. 
The Mach number a t  the  fan-blade t i p  i s  
'Ild N 
60ci 
f 1  
Mt = -
where df is the duc t  diameter i n  f e e t  a t  the  fan f ace  and N1 is  the  f an  speed i n  
rpm. 
The Mach number i n  the  i n l e t  duc t  a t  s t a t i o n  30 w a s  obtained from the  average of 
e i g h t  s t a t i c - p r e s s u r e  measurements ps a t  t h a t  s t a t i o n  and t o t a l  p re s su re  pt 
ob ta ined  from the  a i r c r a f  t-boom p i t o t  tube. 
then 
Assuming i s e n t r o p i c  compressible flow, 
The Mach number 
Y (2) I} 
a t  the  f a n  f a c e  w a s  es t imated from t h e  r e l a t i o n  
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The t i p  r e l a t ive .Mach  number w a s  determined from the  vec tor  sum of Mt and 
Mf as fol lows:  
= J M t  2 + Mf 2
Mt , re l  
A r e l a t i v e  flow angle  a t  t h e  fan-blade t i p  w a s  ob ta ined  from t h e  d i f f e r e n c e  
between the  geometric angle  of t he  b l ade - t ip  chord ( ~ 7 2 ~ )  and the  flow angle  as 
fo l lows  : 
a = 72.0° - arctan(Mt/Mf) 
t, re1 
Fan pressure r a t i o  is expressed as the  r a t i o  of i n l e t  t o t a l  p re s su re  t o  bypass 
t o t a l  p re s su re  a s  fol lows:  
P t ,bP  
't,i 
FPR = -
where t h e  bypass t o t a l  p re s su re  was obtained by averaging readings  from t h r e e  pres -  
s u r e  r a t e s  l oca t ed  i n  the  bypass duct .  
I n l e t  weight  flow i n  pounds per second i s  given by 
2 
w = + 2 M 2  
t,i 







6 = -  
Corrected fan speed is given 
5 5  
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SAMPLE PCM LISTING 
The pulse-code-modulated (PCM) data l i s t i n g  (table C2) f r o m  the a i r c r a f t  d i g i t a l  
subsystem w a s  used t o  e v a l u a t e  i n l e t  performance and t o  calculate engine performance 
parameters. Table C2 is a sample of t h e  engineer ing u n i t s  ou tpu t  and the subsequent 
c a l c u l a t e d  a i r c r a f t  and engine performance parameters. These da t a ,  as shown on t h e  
f i r s t  page of t a b l e  C2, are from run 1043 flown on June 11, 1981, and correspond t o  a 
27-second d a t a  recording pe r iod  du r ing  which t h e  a i r c r a f t  f l e w  over t he  microphone 
a r r a y .  
A f t e r  t h e  completion of a f l i g h t  test, c o n s i s t i n g  of a series of runs,  t h e  
encoded d a t a  from tape reco rde r  2 c o n t a i n i n g  t h e  PCM channel  w e r e  submitted t o  t h e  
Analysis  and Computation Div i s ion  a t  Langley Research Center. 
decoded t h e  d a t a  t a p e ,  d i g i t i z e d  t h e  d a t a ,  and, u s i n g  t h e  t r ansduce r  c a l i b r a t i o n  d a t a  
and  p r e f l i g h t  c a l i b r a t i o n  d a t a ,  converted t h e  d a t a  i n t o  eng inee r ing  u n i t s  and per- 
formed t h e  a i r c r a f t  and engine performance c a l c u l a t i o n s .  
A computer program 
The r e s u l t i n g  p r i n t o u t  lists the i d e n t i f i c a t i o n  f o r  each channel and the  engi- 
nee r ing  u n i t s  used. A s  shown i n  t h i s  sample, 2215 d i g i t i z e d  p o i n t s  r e s u l t e d  from t h e  
27-second recording period. Using t h e s e  d a t a ,  t he  conversion program s e l e c t e d  the  
h i g h e s t  and lowest values  encountered during t h a t  pe r iod ,  c a l c u l a t e d  the  mean value,  
the nns value,  and the  s t anda rd  d e v i a t i o n ,  and p r i n t e d  o u t  t h e s e  values f o r  each 
channel.  The s t anda rd  d e v i a t i o n  w a s  used t o  s p o t  troublesome d a t a  channels. 
Each of t h e  PCM q u a n t i t i e s  used f o r  t h e  c a l c u l a t i o n s  on t h e  l a s t  page of 
table C2 can be i d e n t i f i e d  by u s i n g  t a b l e  C1. Table C3 l ists  by P C M  i d e n t i f i c a t i o n  
code t h e  formulas used t o  calculate t h e  a i r c r a f t  and eng ine  performance parameters 
l i s t e d  on t h e  l a s t  page of t h e  P C M  l i s t i n g  ( t a b l e  C2). 
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a b s o l u t e  
c a l c u l a t e d  r e l a t i v e  angle  of a t t a c k  of a i r  e n t e r i n g  fan  r o t o r  a t  blade t i p  
ave r  age 
blade-passage frequency f o r  f an  rotor ( 2 8  b l a d e s )  
speed of sound 
fan  p res su re  r a t i o  
blade-passage frequency f o r  high-power t u r b i n e  (71 b lades  ) 
blade-passage frequency f o r  compressor r o t o r  ( 1 6  b l a d e s )  
average i n l e t  s t a t i c  w a l l  p ressure  c a l c u l a t e d  a t  i n l e t  s t a t i o n  30.000 
i n l e t  s t a t i c  w a l l  p r e s su re  measured a t  s t a t i o n  30.000 a t  c i r cumfe ren t i a l  
l o c a t i o n  X ( f o r  9 < X < 16) 
once/rev measured e l e c t r o n i c  s i g n a l  which is a d i r e c t  measurement of a 
s i n g l e  360° r o t a t i o n  of fan r o t o r  and which when averaged over  
t i m e  y i e l d s  fan  r o t o r  rpm 
blade-passage frequency f o r  f i r s t - s t a g e  low-power t u r b i n e  ( 6 1  b l a d e s )  
blade-passage frequency f o r  second-stage low-power t u r b i n e  ( 55 blades 1 
c a l c u l a t e d  Mach number i n  the  engine bypass duc t  a t  s t a t i o n  72.000 
c a l c u l a t e d  Mach number a t  f ace  of fan  r o t o r  
MINLET c a l c u l a t e d  Mach number a t  s t a t i o n  30.000 
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TABLE C1.- Concluded 
MTIP 
MTIPREL 








c a l c u l a t e d  Mach number of r o t o r  t i p  
c a l c u l a t e d  r e l a t i v e  Mach number of r o t o r  t i p  
c a l c u l a t e d  co r rec t ed  f an  r o t o r  r p m  us ing  JT15D-1 once/rev s i g n a l  
pres s u r e  
c a l c u l a t e d  average t o t a l  p re s su re  i n  the  engine bypass a t  s t a t i o n  72.000 
measured average abso lu te  s t a t i c  p res su re  a t  l o c a t i o n  of bypass-duct t o t a l -  
p re s su re  t ransducers ,  s t a t i o n  72.000 
dynamic p res su re  measurement from a i r c r a f t  boom 
abso lu te  ground p res su re  measurement recorded dur ing  p r e f l i g h t  c a l i b r a t i o n  
s t a t i c  p res su re  measurement from a i r c r a f t  boom 
c a l c u l a t e d  t o t a l  p re s su re  
R ( X ) P ( Y ) A B  abso lu t e  t o t a l  p re s su re  measured a t  r a d i a l  p o s i t i o n  (Y) by rake 
probes a t  c i r cumfe ren t i a l  l o c a t i o n  (X) i n  engine bypass d u c t  
( f o r  1 < Y 6 6 and X = A, B, C )  
T temperature  
T I  temperature of a i r  e n t e r i n g  i n l e t  
WCORR c a l c u l a t e d  co r rec t ed  t o t a l  weight flow through engine  
W30 c a l c u l a t e d  t o t a l  weight flow through engine a t  s t a t i o n  30.000 
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TABLE C2.- P C M  DATA LISTING 
m 
0 
TABLE C2.- Continued 
RBP4 P S I  
-. . RBP5 -. P S I  
RBP6 P S I  
- . . . . . . . . . . . . -. - __ . - -. - .. ... - . .. 
4.226. 3. 580  3 9 5 0 2 2  . -3.-9.5095- ~ 0 7 5 9 5  ... _ _  2-215 e- 
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APPENDIX C 
TABLE C3.- COMPUTATIONS USING PCM DATA 
C = 49.034GI + 459.7 
I P 9 A B  + I P l O A B  + I P 1 1 A B  + I P 1 2 A B  + I P 1 3 A B  + I P 1 4 A B  + I P 1 5 A B  + I P l 6 A B  
~ .___ ~ _ _  i - _ _ _  . -  ~ . . . ~  I p A n  = ~ ~ = . ~ ~ .~~ ~~.~~ 
a 
PT0TA.L = PDYNAM + ( - P S B )  + PGRD 
1 
s ( R A P 1 A B  + RAP2AB + RAP3AB + RAP4AB + RAP5AB P B P T  = 
+ RBP1AB + RBP2AB + RBP3AB + RBP4AB + RBP5AB 
+ R C P l A B  + RCP2AB + RCP3AB + RCP4AB + RCP5AB) 
MINLET = (. (PTOTAL)oo2857 - j} 0.5000 
IPAVE 
MTIP = 0 . 0 9 1 6  X ( J T 1 5 D - 1  once per rev) /C 
MFF = 1 . 0 9 8  X MINLET 
MBP = 5 { 




TABLE C3.- Concluded 
ATIPREL = 72O - arctan(MTIP/MFF) 
PTOTAL MINLET 
W30 = 296.1( )( JTI + 459.7 [l + 0.2(MINLET) 




PTOTAL FPR = 
NlCORR = JT15D-I once per rev /JT 
BPF = 0.4667 X (JT15D-1 once/rev) 
IMP = 0.2667 x JT15D-1 N2 speed 
HPT = 1.1833 x JT15D-I N2 speed 
LPT? = 1-01 67 X JTl5D-1 once/rev 
LPT2 = 0.9167 X JT15D-1 once/rev 
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